I N T RO D U C T I O N
Plate rigidity is a key assumption in plate tectonics. While this assumption works well for plate interiors, plate boundaries can include a broad region of deformation and the development of multiple blocks or 'microplates'. This is particularly true for the PacificNorth American Plate boundary (e.g. Atwater & Stock 1988) . Identifying these rigid blocks provides important kinematic boundary conditions for tectonic studies of western North America.
Constraints on North America-Pacific Plate motion are also important for kinematic tectonic studies of western North America and parts of the circum-Pacific region. Models of this motion on geological timescales (e.g. DeMets et al. 1990 DeMets et al. , 1994 ) may use magnetic anomalies from the spreading centre in the southern Gulf of California. However, evidence is accumulating that Baja California's motion is distinct from that of the Pacific Plate ( Fig. 1) and thus behaves as a separate block or microplate (Dixon et al. 2000b; Fletcher & Munguia 2000; Gonzalez-Garcia et al. 2003; Michaud et al. 2004 ). Here we use new GPS data to quantify current North America-Pacific Plate motion and investigate coupling and rigidity of Baja California and the Pacific Plate. * Now at: Pennslyvania State University, University Park, PA 16802, USA.
Data analysis
For the Pacific Plate we use only continuous GPS (CGPS) with time-series longer than 3 yr, giving time-series durations from 3 to 10 yr (Table 1) . Compared to previous studies of Pacific Plate motion we add four new sites from the South Pacific Sea Level and Climate Monitoring Project (SPSLCMP) improving kinematic constraints in the central and western Pacific. To reduce the uncertainty in the time-series of GUAX on Guadalupe Island, we added episodic GPS (EGPS) data from GAIR through a vector tie (Sella et al. 2002) , which extends the time-series back to 1993. The uncertainty of this new time-series, here called GUAZ, is reduced by 40 per cent, while the velocity changes only by 0.1 mm yr −1 in all three components.
Thirty-two of 33 GPS stations in Baja California are episodic GPS (EGPS) sites. We use EGPS data from sites with at least three occupation episodes of two and more 24 hr days and a minimum total time span of 6 yr since 1993. We did not use data from before 1993 due to incomplete orbit information.
All data were processed using GIPSY/OASIS II, Release 5.0 software and non-fiducial satellite orbit and clock files provided by the Jet Propulsion Laboratory (Zumberge et al. 1997) . The data analysis follows Sella et al. (2002) , but the daily solutions are aligned to IGb00 (Ray et al. 2004) . The velocity and its uncertainty for each site are then calculated by linear regression. Outliers with an offset of more than three times the formal error are not considered in the regression. Velocity uncertainties are calculated following Mao et al. (1999) and Dixon et al. (2000a) . We calculate the stable plate reference frames for Pacific and Baja California by the best fitting Euler vector (Minster et al. 1974; Ward 1990) , testing for plate rigidity by comparing velocity residuals to uncertainties. Using the stable North America reference frame of Sella et al. (2006) we calculate its relative plate motion with the Pacific Plate and Baja California microplate.
Stable Pacific Plate reference frame
Using standard geological criteria for the definition of a stable plate (e.g. Sella et al. 2002) we initially identified 21 CGPS sites on the Pacific Plate interior. We excluded FALE due to its location in a Subduction-Transform Edge Propagator (STEP) region (Govers & Wortel 2005) . FARB, KOKB, NAUR, PAMA, TAHI and UP01 are known to have technical problems or large uncertainties and are, therefore, excluded. We use only one station from the Hawaiian Islands to avoid an overconstraint; the station importance (Minster et al. 1974) would sum up to 48 per cent. We choose KOK1 as it is located furthest from volcanic activity. However, we include all Hawaiian Island stations to compare residuals with respect to the stable Pacific Plate.
As the stable Pacific Plate reference frame is based upon a limited number of GPS stations we test its sensitivity to each GPS station. Using a jackknife method we compute 11 rotation poles from the data set of 11 GPS stations (Table 1) , leaving out one station at a time. We compare the rotation pole locations and the corresponding average residual motion within the Pacific Plate. For every model we apply the F-test (Stein & Gordon 1984) to test whether we obtain significant improvement. We recognize the limitations of these tests, in the sense that our sample size is small, and the tests assume normal distribution. While the 2-D-error ellipses for all rotation poles overlap at 95 per cent confidence, however, at the level of one standard error, the solutions are sensitive to exclusion of stations GUAZ and CHAT (Fig. 2 , Table 2 ). The F-test implies a significant improvement in the definition of the Pacific Euler vector for the Figure 2 . Stability of location of Pacific-IGb00 pole of rotation. Using 10 out of 11 stations we compute 11 rotation poles, leaving out one station at a time. The rotation pole shows increased sensitivity to GUAZ and CHAT. We exclude GUAZ and CHAT and use nine stations (Table 1 ) to obtain our best-fitting pole of rotation. All rotation pole error ellipses are colour coded by the average residual motion, calculated from of the 11 stations plus HNLC, MKEA and MAUI. For visibility only the 1σ error ellipses showing the 2-D-error are shown.
exclusion of each and both stations. This can be explained by the geographic location of GUAZ and CHAT and their resulting relative importance that varies between 26-33 per cent for CHAT and 32-38 per cent for GUAZ. The residual velocities of GUAZ and CHAT with respect to the Pacific Plate Euler vectors are close to the limit of the 95 per cent confidence interval error ellipse for 9 of the Lon. Note: The first plate rotates counter-clockwise relative to the second plate around the stated rotation pole. a Lengths in degrees of the semi-major axes sig maj and semi-minor axes sig min of the 1σ pole error ellipse. Both axes are derived from a 2-D error distribution. b Azimuth of the semi-major ellipse axis in degrees clockwise from north. c List of nine sites used see Table 1 . d List of 10 sites used see Table 3 . 11 models. In the model for which GUAZ was excluded we also obtain the largest residual for GUAZ (2.6 ± 0.6 mm yr −1 ), while CHAT shows a near perfect fit (0.4 ± 0.4 mm yr −1 ). Stations on the Hawaiian Islands, TUVA, MARC, and TRUK show low residuals. In the model for which CHAT is excluded, the residual of CHAT increases to 1.9 ± 0.5 mm yr −1 , while GUAZ is fit better (0.6 ± 0.4 mm yr −1 ), together with good fits at THTI, CKIS, KIRI, and POHN. In general, these results are consistent with a rigid Pacific Plate, within limits defined by our data uncertainty, ∼2 mm yr −1 . Our best-fitting Pacific Plate Euler vector PA1 is based on nine stations, excludes GUAZ and CHAT, and has a reduced χ 2 of 1.00 (Tables 1 and 2 ). The station importance for this solution varies between 5 and 21 per cent (Table 1) . The average residual velocity of the 14 stations on the interior of the Pacific Plate is 1.1 mm yr −1 . GUAZ shows significant residual motion, while CHAT and MAUI have residual velocities close to the error limit (Fig. 3 , Table 1 ).
Rigidity of the Baja California microplate
Geological observations suggest rigid block behaviour for Baja California (e.g. Gastil et al. 1975; Suarez-Vidal et al. 1991; Umhoefer & Dorsey 1997; Umhoefer 2000) . The northern and southern ends of the peninsula are cut by several faults, but there is no apparent deformation along the main body of the peninsular batholith. We calculate a Baja California Euler vector using GPS data from stations located within the geologically rigid block ( Table 3 ). The Agua Blanca fault along with the San Pedro Martir fault marks the northern boundary of the block (Fig. 1) . The southern block boundary includes the Bonfil fault, the Carrizal fault and the San Jose Cabo fault (Fig. 1) . We exclude GPS stations LOSA and SPMX, located close to the Agua Blanca fault and San Pedro Martir fault, respectively, and possibly influenced by strain accumulation . The shape of the Baja California peninsula poses problems to an Euler vector calculation due to its limited east-west extent, reflected in the orientation of the ellipsoid describing its uncertainty ( Table 2 ). The best fitting Euler vector has a reduced χ 2 misfit of 3.5. All residual rates within the geologically rigid block are within uncertainties at 95 per cent confidence ( Fig. 4; Table 3 ). However, the azimuths of the residuals do not appear to be randomly oriented, as the northern network has its residual motion directed towards the south and vice versa (Fig. 4) . For the northern network the mean residual rate is 1.7 ± 0.8; for the south it is 1.3 ± 0.8 mm yr −1 . This apparent convergence may reflect data uncertainty, or perhaps internal deformation of the block. In the latter case the average shortening strain rate between the two networks is ∼1 × 10 −16 s −1 . Additional EGPS data from Baja California will be required to distinguish between these hypotheses.
We tested for the effect of elastic strain accumulation at the edges of the microplate using the block model code DEFNODE (McCaffrey 2002) . We found that stations LOSA and SPMX are affected by strain accumulation when assuming a standard locking depth of the block bounding faults between 10 and 20 km. All other stations within the geologically rigid block are unaffected by strain accumulation. Therefore, we believe our Baja California Euler vector adequately represents the rigid microplate motion within the defined uncertainty limits.
We find that sites AGUA, CARD, TOSA and CABO in the southern network move with very similar rate and direction with respect to rigid Baja California. Therefore, our geodetic measurements cannot resolve motion across the Carrizal fault, which has sometimes been described to cut through the peninsula (e.g. Hausback 1984 ). This suggests that the southwestern tip of the peninsula belongs to the rigid microplate (Fig. 4) . Other stations in the southern tip of Baja California may represent the motion of smaller blocks that are bounded by active normal faults. This is compatible with the recent geological observations of Busch et al. (2006) .
Pacific -Baja California motion
We tested the significance of a separate Baja California microplate compared to a larger Pacific Plate including Baja California by applying the F-test (Stein & Gordon 1984) . Baja California acts as a separate microplate with 99 per cent confidence. Since Guadalupe Island shows significant residual motion with respect to our Pacific Euler vector PA1 we also tested the possibility that it may be part of the Baja California microplate. The F-test indicates that this is not the case at 99 per cent confidence, implying that the western border of the Baja California microplate lies east of Guadalupe Island. The magnitude of relative motion of Baja California with respect to the Pacific Plate depends on the chosen stable Pacific Plate reference frame. The relative motion increases when using PA1 + CHAT, while it decreases when using PA1 + GUAZ, with a range of difference of 1.8 mm yr −1 for the mean relative motion. However, all models lead to significant relative motion of the Baja California microplate with respect to the Pacific Plate at 95 per cent confidence interval. In the following we use model PA1.
Except for WMAR, all the EGPS velocities in Baja California relative to the stable Pacific Plate are significant at 95 per cent confidence interval (Table 3 ; Figs 5a and b) . On the rigid microplate the average velocity with respect to the Pacific Plate is 4.9 mm yr −1 , ranging from 3.2 ± 0.7 (AGUA) to 6.4 ± 0.9 mm yr −1 (CADG). The average rate of the northern network (CADG, COLO, LOSA; MELR; SAIS, SLRE) is 6.2 mm yr −1 . In the southern network (AGUA, CABO, CARD and TOSA) the average rate is 3.7 mm yr −1 . Outside the rigid microplate, deformation of parts of the plate boundary zone can be observed. The northern part of the peninsula shows an increase of velocity from west to east, approaching the North America-Baja California boundary, that is, the San Andreas/Gulf of California system. The velocity reaches 12.8 ± 1.5 mm at MAYO, indicating significant strain accumulation along the northern faults (Fig. 5a ). In the southern part of the peninsula no such pattern is observed. West of the peninsula, station WMAR, located on Isla Margarita, shows a velocity with respect to the Pacific Plate that is zero within uncertainty (Fig. 5b) .
North America-Pacific motion
The precision of the geodetic estimates of NA-Pacific motion has improved with time, as more stations become available and GPS time-series become longer (Argus & Heflin 1995; Larson et al. 1997; DeMets & Dixon 1999; Freymueller et al. 1999; Beavan et al. 2002; Sella et al. 2002; Gonzales-Garcia et al. 2003) . Our result for NA-PA1 together with previous results is listed in Table 2 , and illustrated in Fig. 6 .
We obtain a shift in the location of the North America-Pacific pole of rotation (Table 2 ) when we use PA1+CHAT or PA1+GUAZ instead of PA1 for the Pacific Plate. The results are comparable to the difference in location of the North America-Pacific pole of rotation from Beavan et al. (2002) compared to the one of Gonzalez-Garcia et al. (2003) . This may be because Beavan et al. (2002) use CHAT and EGPS data from the Campbell Plateau (analogous to PA1 + CHAT), while Gonzalez-Garcia et al. (2003) use one CGPS and three EGPS stations from Guadalupe Island (analogous to PA1 + GUAZ).
Comparing our Euler vectors we see that the North AmericaPacific rotation rate is significantly faster than North America-Baja California. At the location 23.5
• N, 108.5
• E, at the spreading centre in the Gulf of California (DeMets 1995), we calculate North America-Pacific motion to be 51.1 ± 0.4 mm yr −1 at an azimuth of 125 ± 1
• clockwise from north. Relative motion between North America and Baja California at the same location is only 46.8 ± 0.4 mm yr −1 , 124 ± 1 • clockwise from north. This leaves a residual motion of 4.3 ± 0.8 mm yr −1 between Baja California and the Pacific Plate. The negligible difference in azimuth, which is also indicated by the proximity of the two Euler poles, shows that Baja California is moving in approximately the same direction as the Pacific Plate with respect to North America.
Along the Gulf of California, the geodetic rate for North America-Baja California derived from our Euler vector decreases from south to north, 46.8 ± 0.4 mm yr −1 (23.5
• N, 108
• W) to 43.1 ± 0.4 mm yr −1 at the Colorado River delta (31.8
• N, −114.5
• W). A key constraint for the North America-Pacific Euler vector magnitude in NUVEL-1A (DeMets et al. 1994 ) is magnetic anomaly data from the Gulf of California. Due to the rigid block motion of Baja California and incomplete coupling with the Pacific Plate, this rate must in reality represent North America-Baja California relative motion. When we compare our geodetic rate for North AmericaBaja California (46.8 ± 0.4 mm yr −1 ) with the NUVEL-1A rate (47.4 ± 1.2 mm yr −1 ) at the latitude of the spreading centre (23.5
• E) we see that these rates agree within uncertainties. On the other hand, when we compare at the same location our geodetic North America-Pacific rate (51.1 ± 0.4 mm yr −1 ) with an estimate of DeMets (1995) that excludes the magnetic anomaly data from the Gulf of California and other problematic data sets from NUVEL-1A, his velocity (51.6 ± 1.9 mm yr −1 ) agrees with our results (Fig. 7) . This implies that the average spreading rate in the Gulf of California during the past 3 Myr is comparable to the geodetic rate over the last decade and the same is true for the rate of North America-Pacific Plate motion. We can exclude thermal contraction of the seafloor to be responsible for the velocity difference between Baja, and also Guadalupe, with respect to the stable Pacific Plate as the contraction can explain only ∼1.35 per cent of the spreading rate (Kumar et al. 2006) , not the observed ∼10 per cent of difference. et al. 1994) , Revel (Sella et al. 2002) , B02 (Beavan et al. 2002) and GG03 (Gonzalez-Garcia et al. 2003) . Ellipses show the 1σ error from a 2-D distribution. 
D I S C U S S I O N
Baja California and its rigid block motion is an analogue for other terranes that are transported northwest with the Pacific Plate while interacting with North America (Atwater & Stock 1988; McQuarrie & Wernicke 2005) . The essentially rigid behaviour of such a microplate on geodetic timescales preserves the coherence of a terrane during translation over geological timescales. The correspondence of terrane transport direction with the Pacific Plate motion is consistent with the idea that the Pacific Plate is the driving force for terrane transport in this region. The subducted extent of the oceanic microplates that were captured by the Pacific Plate (Nicholson et al. 1994; Stock & Lee 1994) may also be an important influence. The direction of Pacific-North America and Baja CaliforniaNorth America motion is similar, but Baja California moves significantly slower. This result supports the suggestion of a western Baja California shear zone (Dixon et al. 2000b) , and is consistent with observations of right-lateral offset on Quaternary faults, and seismicity along the southwestern coast of Baja California (Spencer & Normark 1979; Legg et al. 1991; Fletcher & Munguia 2000; Michaud et al. 2004) .
A possible explanation for why the Baja California microplate is only partially coupled to the Pacific Plate and for activity along the western Baja California shear zone (Dixon et al. 2000b ) is the collision of the northwestward moving microplate with North America along the Transverse Ranges and the big bend of the San Andreas fault. This impact may cause the microplate to shear off the Pacific Plate, along an inherited weak zone, the former Farallon-North American Plate boundary along the western coast of Baja California. In this case the shear zone may have formed from north to south. This may explain why the northern part of the Baja California microplate shows larger relative motion with respect to Pacific Plate than southern part. An alternative explanation for this observed pattern, also consistent with the idea of collision along the northern boundary, is internal deformation within the Baja California microplate.
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